Titin (also called connectin) acts as a scaffold for signaling proteins in muscle and is responsible for establishing and maintaining the structure and elasticity of sarcomeres in striated muscle. Several human muscular dystrophies and cardiomyopathies have previously been linked to mutations in the titin gene. This study reports linkage of the runzel homozygous lethal muscular dystrophy in the zebrafish Danio rerio to a genomic interval containing the titin gene. Analysis of the genomic sequence suggests that zebrafish contain two adjacent titin loci. One titin locus lies within the genetic linkage interval and its expression is significantly reduced in runzel mutants by both immunofluorescence and protein electrophoresis. Morpholino downregulation of this same titin locus in wild-type embryos results in decreased muscle organization and mobility, phenocopying runzel mutants. Additional protein analysis demonstrates that, in wild-type zebrafish, titin isoform sizes are rapidly altered during the development of striated muscle, likely requiring a previously unrecognized need for vertebrate sarcomere remodeling to incorporate developmentally regulated titin isoforms. Decreases of affected titin isoforms in runzel mutants during this time correlate with a progressive loss of sarcomeric organization and suggest that the unaffected titin proteins are capable of sarcomerogenesis but not sarcomere maintenance. In addition, microarray analysis of the ruz transcriptome suggests a novel mechanism of dystrophy pathogenesis, involving mild increases in calpain-3 expression and upregulation of heat shock proteins. These studies should lead to a better understanding of titin's role in normal and diseased muscle.
Introduction
Titin is the largest known protein with major isoforms estimated at 3-4 MDa (Bang et al., 2001) . Originally named connectin, titin was identified by Maruyama (1976) as a major filamentous protein of the sarcomere present in all striated muscle. The sarcomere is the repeated structural unit of contraction and relaxation in striated muscle and appears in electron micrographs as an alternating series of parallel Z and M line structures. Actin-thin filaments and myosin-thick filaments extend perpendicularly from the Z and M lines, respectively. During muscle contraction, myosin-thick filaments slide toward the Z line along thin filaments, shortening sarcomere length. Single titin proteins have been measured at greater than 1 μm and stretch the entire distance of the half-sarcomere, with amino termini localized to the Z line and carboxy termini at the M line (Furst et al., 1988) .
Titin is vital to muscle architecture and signaling in both developing and mature striated muscle. In vitro experiments using cell lines with partial titin deletions suggest that titin is required for skeletal muscle sarcomerogenesis, providing a scaffold for organization and spacing of nascent Z line and M line structures (Miller et al., 2003; van der Ven et al., 2000) . In mature muscle, titin plays a similar role, maintaining M line width and localization (Gregorio et al., 1998; Obermann et al., 1996) . Titin has also been shown to provide much of the passive tension and elasticity of muscle fibers through the unfolding of a unique I-band region (called the PEVK) . In addition to these structural roles, titin contains a myosin-light chain-like kinase domain as well as binding sites for calcium and more than 15 known proteins, many of which play roles in muscle signaling events (Tskhovrebova and Trinick, 2004) . Mutations in several of these binding partners, including the muscle-specific protease calpain-3, have also been linked to muscular dystrophies, suggesting a central role for titinassociated signaling pathways in muscle physiology.
The titin gene (TTN) contains over 360 exons that give rise to multiple splice isoforms, varying in size with the organism, muscle, stage of development, and disease state (Bang et al., 2001; Nagueh et al., 2004; Warren et al., 2003a Warren et al., , 2004 . Much of this variation has been attributed to differential splicing of the approximately 300 total immunoglobulin and fibronectin repeats, though the function of such variation is unknown. Splicing to include variable numbers of titin Z-repeats has been detected and may regulate Z line morphology (Gregorio et al., 1998) . Additional splice variants in the PEVK exons correlate with alteration of myofibrillar passive tension and stiffness of myofibers in both cardiac and skeletal muscle Lahmers et al., 2004; Prado et al., 2005) . And cardiac isoforms differ from skeletal muscle titin by the inclusion of the N2B exon, a cardiac-specific titin exon.
Titin's importance in muscle regulation has been highlighted by the five human diseases now linked to titin mutations. While none of the mutations affecting skeletal muscle appear to modify titin localization, overall muscle function is severely affected, likely through alteration of titin-associated signaling pathways. Two diseases of the skeletal muscle -tibial muscular dystrophy (TMD) and limb girdle muscular dystrophy 2J (LGMD2J) -result from mutations in the M line region of titin that prevent binding of the protease, calpain-3 (Hackman et al., 2002; Haravuori et al., 2001) . A murine titin mutation disrupts binding of calpain-3 to a second site, resulting in the severe muscular dystrophy with myositis (mdm) phenotype (Huebsch et al., 2005; Witt et al., 2004) . All three titin mutations decrease or eliminate calpain-3 expression in muscle, though studies in the mdm mouse suggest that this is not the only signaling pathway affected. The third skeletal muscle disease, hereditary myopathy with early respiratory failure (HMERF), results from a mutation in the titin kinase domain that affects alternative titin-associated signaling pathways, leading to downregulation of muscle gene transcription (Lange et al., 2005) . Familial dilated cardiomyopathy (DCM) has also been linked to several different titin mutations (Gerull et al., 2006; Itoh-Satoh et al., 2002; Knoll et al., 2002) .
The zebrafish Danio rerio has recently emerged as a promising organism for the study of vertebrate muscle development and disease. During early embryonic stages, zebrafish are composed largely of skeletal muscle that can contract by 24 hours post-fertilization (hpf) and is responsive shortly after 36 hpf (Kimmel et al., 1995) . Expression of human muscle homologs, including sarcomeric and sarcolemmal proteins, has been confirmed by genome analysis and immunofluorescent studies Costa et al., 2002) . In addition, two human muscular dystrophies have been at least partially replicated in zebrafish by downregulating zebrafish homologs of dystrophy-associated genes, suggesting conservation of their functional roles within muscle (Dodd et al., 2004; Guyon et al., 2003 Guyon et al., , 2005 . Finally, the zebrafish mutant pickwick (pik m171 ) has been mapped to the cardiac-specific N2B exon of titin. pik m171 mutants have been suggested as a model for DCM and show a primary failure in cardiac sarcomerogenesis, suggesting that zebrafish titin orthologs play analogous roles to mammalian titin during sarcomere development (Xu et al., 2002) . The cardiac specificity of pik m171 suggests that zebrafish titin may also yield multiple splice isoforms.
In 1996, a chemical mutagenesis screen by the Tuebingen laboratories generated four mutants with muscular dystrophy phenotypes. One of these has been mapped to dystrophin, mutations in which cause Duchenne and Becker muscular dystrophies in humans Granato et al., 1996) . runzel (ruz), a second Tuebingen dystrophic mutant, was characterized with grossly normal muscle structure and function at 2 dpf but poor swimming ability and decreased birefringence at 5 dpf, indicating progressive loss of muscle organization. We have now genetically mapped the ruz mutation to a region on chromosome (Chr) 9 containing the titin gene. Further work suggests that the zebrafish titin locus is duplicated with only one copy located within the genetically linked region. Muscle function and organization defects seen in ruz mutants can be phenocopied by antisense morpholinos directed against the linked titin locus. India ink stain of electrophoretically separated proteins demonstrates that the titin isoforms expressed by wildtype skeletal muscle change at several points during early embryonic development, with at least 9 distinct sizes detected. In ruz mutants, expression of certain isoforms is reduced. While the remaining titin isoforms are sufficient for sarcomerogenesis, electron microscopy shows that they are not sufficient for maintenance of myofibrillar organization in the ruz mutants. In addition, decreases in known titin-associated pathways were not detected in the ruz mutant. Instead, microarray analysis suggests increases in transcripts of several muscle genes and heat shock proteins. This work suggests that alterations in titin can lead to a novel skeletal muscular dystrophy-like phenotype. In addition, it demonstrates a previously unrecognized rapid turnover in titin isoforms during skeletal muscle development and suggests separable functions of these titin isoforms.
Materials and methods

Fish maintenance and mutant identification
The ruz mutation tk258a was isolated as part of an ENU mutagenesis screen (Granato et al., 1996) and is maintained on the TL background. To generate families for linkage analysis, ruz heterozygotes were mated pairwise with wildtype WIK fish. F1 mapping heterozygotes were identified from these families and mated pairwise. Homozygous mutant F2 offspring were identified based on decreased birefringence at 3-10 dpf as previously described (Granato et al., 1996) . All animal work was performed with approval from the Children's Hospital Animal Care and Use Committee (Protocol #A03-11-080).
Immunofluorescence and hematoxylin staining
Five to 7 dpf ruz mutants and wild-type siblings or 3.5 dpf TTN 1 morphants and control siblings were fixed in 4% paraformaldehyde, infiltrated with 20% sucrose in PBS, embedded in OCT (TissueTek), and frozen in nitrogen-cooled 2-methylbutane. Samples were longitudinally sectioned to 8 μm. Hematoxylin staining was performed and coverslips mounted with Vectashield (Vector Labs). On additional sections, immunofluorescence was performed using the following antibodies singly or in pairs: anti-titin T11 (Sigma), actin A2066 (Sigma), nebulin N2B (Sigma), β-dystroglycan (Novocastra), MuRF2 (GeneTex), and MuRF1 (GeneTex). Samples were washed and incubated with appropriate secondary antibodies (Jackson Immunolabs). Coverslips were mounted using Vectashield with DAPI (Vector Labs) and slides were viewed at 100× or 400× using a Nikon Eclipse E1000 fluorescent microscope. Images were collected with a Hamamatsu ORCA-ER camera and OpenLab3.1.5 software at the same length exposure time for each antibody set. Hematoxylin-stained samples were viewed at 400× and images collected with a SPOT InSight QE camera (Diagnostics Instruments, Inc.).
Electrophoresis, India ink, and Western blot analysis
Equal weights of whole 2 dpf, 3.5 dpf, or 6.5 dpf fish were Dounce homogenized in lysis buffer (500 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM PMSF, 0.1% SDS, 1× protease inhibitor cocktail; Roche) on ice and centrifuged at 14,000×g for 10 min at 4°C. Autopsy tissue from human psoas muscle was similarly prepared. Prior to electrophoresis, denaturing buffer (8 M urea, 2 M thiourea, 3% SDS, 75 mM DTT, 0.1% bromophenol blue, 0.05% Tris-Cl pH 6.8) was added 4:1 to lysates. Samples were denatured at 60°C for 10 min and vortexed. Electrophoresis using a denaturing 1% agarose gel was performed as previously described (Warren et al., 2003b) . Equal volumes of protein lysates or equal total protein amounts from each sample were separated by electrophoresis at 15 mA for 4.5 h and transferred to nitrocellulose membranes in transfer buffer (25 mM Tris base, 192 mM glycine, 10% methanol) for 3 h at maximum voltage (16-22 V). Membranes were washed in PBS + 0.3% Tween, incubated overnight in 0.1% India ink, and then rinsed with water. Lysates for Western blot analysis of all smaller proteins were prepared, separated by electrophoresis on 3-8% Tris-acetate gels (Invitrogen), transferred to nitrocellulose, and immunoblotted as previously described with NCL-CALP-12A2 (Novocastra) or actin A2066 (Sigma) antibodies (Guyon et al., 2005) .
Genetic mapping
Genetic mapping families were generated as indicated above and F2 wildtype and ruz mutants collected. DNA preparation and bulk segregant analysis was performed as previously described (Bahary et al., 2004; Shepard et al., 2005) using agarose-scorable length polymorphisms of 239 microsatellites on pools of wild-type or mutant DNA. Polymorphisms were detected by electrophoresis of PCR products for 2-2.5 h at 230V on a gel of 1% GenePureLE Agarose and 1% Hi-Res GenePure Agarose mix. Further linkage analysis was performed on DNA of individual embryos using primers designed to additional Chr 9 microsatellites identified from the Massachusetts General Hospital Zebrafish Server (http://zebrafish.mgh.harvard.edu).
To create a contig for higher resolution mapping, protein sequences of nonrepetitive human cardiac titin exons (NM_003319) were mapped in silico to finished clones in the Sanger Center database (www.sanger.ac.uk as of 2003/27/05) using the tblastn algorithm. Resulting BACs were aligned using Sequencher (Gene Codes). The BAC contig was extended to z14949 in silico using BAC end sequence. Microsatellites for higher resolution mapping were identified using SSR identification software at danio.mgh.harvard.edu/markers/ ssr.html. The following primer sequences were used: RuzB (forward): 5′-CCTCACCAGGGATACCCTTA-3′ RuzB (reverse): 5′-TGGTGATCAGGTGTGCAGTT-3′ RuzD (forward): 5′-GGGGATGTTAGGCAGTCAGA-3′ RuzD (reverse): 5′-TTCCAAACACCCATAGGTCA-3′ RuzH (forward): 5′-CTTGTGCAGAAATCGCCAAT-3′ RuzH (reverse): 5′-AGGAGGCCTCTGATGTAGGA-3′.
Morpholino injections
The translation start site for the TTN 1 gene was identified by orthology to human titin protein (tblastn with exon 2 of NM_13378) and two non-overlapping translation start site morpholinos were designed (GeneTools). The sequence of morpholino TTN1a was 5′-TAAATGTTGGAGCTTGCGTTGACAT-3′ and the accompanying inverted control was 5′-TACAGTTGCGTTCGAGGTTGTA-AAT-3′. Morpholino TTN1b was 5′-TGTATCACAAGGTTGCCTACACTTG-3′. Zebrafish embryos were injected at the 1-to 4-cell stage with approximately 10 ng of antisense morpholino or the inverted control morpholino and raised at 28.5°C until analysis as above. Isogenic uninjected embryos from the same clutches were also analyzed as a control.
Electron microscopy
Skeletal muscle of ruz mutant and wild-type siblings at 3.5 or 6.5 dpf was fixed overnight at 4°C in 100 mM cacodylate buffer with 1.25% formaldehyde, 2.5% glutaraldehyde, and 0.03% picric acid. Samples were then processed by the Harvard Medical School EM Facility as follows: Muscles were post-fixed in 1% osmiumtetroxide/1.5% potassiumferrocyanide, stained with 1% uranyl acetate in maleate buffer (pH 5.2), and dehydrated in graded ethanols. Following dehydration, samples were incubated in propyleneoxide and infiltrated with a 1:1 mixture of Epon (Marivac Ltd.) and propyleneoxide overnight before embedding in fresh Epon. Longitudinal muscle sections (80-90 nm) were mounted on formvar/carbon-coated copper grids, stained with 2% uranyl acetate in acetone, and then in 0.2% lead citrate. Sections were viewed with a JEOL 1200EX transmission electron microscope at 80 kV.
RNA expression analysis
For all mRNA analysis, 3.5 dpf ruz mutants and wild-type siblings were quickly dissected to remove head, heart, and gut from skeletal muscle of the trunk and tail. Pooled muscle was homogenized by douncing in Buffer RLT (Qiagen) and centrifuging through a QiaShredder column (Qiagen). RNA was extracted from homogenates using either the Qiagen RNeasy or RNeasy Micro kit with an on-column DNase step. For microarray analysis, mutant RNA was matched with RNA of wild-type siblings from the same clutch. Three separate clutches were used (n = 3). cRNA was produced and hybridized to Affymetrix zebrafish Gene Chips as previously described (Shepard et al., 2005) . Data were analyzed using Affymetrix Microarray Suite software with additional custom software according to Choe et al. (2005) and Weber et al. (2005) . Resulting probes with q ≤ 0.05 and a fold change =1.6 were annotated using the blastn algorithm to compare probe consensus sequences with zebrafish ESTs and tblastx between the probe consensus/EST sequences and human sequences.
Quantitative RT-PCR was used to confirm a decrease in transcripts containing the Dr.1662 probe consensus sequence and to analyze changes in zebrafish CARP and ankrd2 levels. cDNA was synthesized from 1 μg of RNA in a 25-μL reaction volume using a Superscript II kit (Invitrogen) with an oligo(dT) primer according to the manufacturer's instructions. Quantitative PCR was performed with 1 μL of cDNA using SYBR Green PCR Master Mix (Applied Biosystems) and an ABI Prism 7700 Sequence Detector. Transcript expression was normalized to internal control expression levels (Tbp).
Results
Phenotypic characterization of ruz runzel (ruz) is a recessive zebrafish dystrophy mutation identified as part of a Tuebingen ENU mutagenesis screen (Granato et al., 1996) . The ruz phenotype is first apparent at 3-3.5 dpf as decreased birefringence of somitic muscle indicating decreased muscle organization (Fig. 1) . Birefringence is used to assess muscle organization based on the ability of highly ordered sarcomeres to rotate polarized light. By 5 dpf, mutants also lack an inflated swim bladder, show decreased motility, and are unable to swim normally. Mutants on a Tuebingen background frequently demonstrated a curvature of the body and poor body posture while resting (Fig. 1B) . By 6-7 dpf, ruz mutants are only able to produce a shuddering motion of the tail and continue to display decreased birefringence (Figs. 1A, B) . No cardiac abnormalities were detected, suggesting a skeletal muscle-specific phenotype. Homozygosity of the mutation is lethal at 10-12 dpf, while heterozygotes show no gross abnormalities in swimming ability, mating, or lifespan (data not shown).
Examination of hematoxylin-stained ruz mutants confirms that skeletal muscle myofibers are severely disorganized. In wild-type fish embryos, myofibers are aligned roughly parallel to the body axis of the fish, stretching between adjacent myosepta ( Fig. 1C) . At 5 dpf, most myofibers are multinucleate with nuclei flattened and aligned along the fiber periphery, similar to mammalian myofiber organization. ruz mutants, however, show no apparent alignment of the myofibers at 6-7 dpf, and nuclei are frequently abnormally shaped (Fig. 1D) .
To determine functional changes in ruz skeletal muscle, several muscle proteins were examined for differences in expression. Nearly all sarcolemmal proteins analyzed by immunofluorescence localized to the myosepta in wild-type embryonic zebrafish muscle and were unaffected in ruz mutants ( Figs. 2A-D , and data not shown). It thus appears that myosepta are maintained, though they appear disorganized by hematoxylin assessment (Fig. 1D) . Immunofluorescence using antibodies against sarcomeric proteins, however, suggests disruption of the basic contractile apparatus in ruz mutants. Nebulin is a major filamentous protein of striated muscle and is found on either side of the Z line in wild-type embryos (Fig. 2E) . In ruz mutants, sarcomeric staining of nebulin is severely decreased at 5-7 dpf (Fig. 2F) , though overall expression appears consistent by immunoblot analysis (data not shown). Similarly, expression of sarcomeric actin (Figs. 2G, H) is maintained in ruz mutants but few striations are apparent, suggesting a primary failure at the sarcomere.
ruz mutants have a defect in titin
Genetic linkage analysis was initially performed by comparing inheritance of polymorphic microsatellite markers between pools of wild-type and ruz mutant DNA. This bulk segregant analysis suggested linkage to chromosome (Chr) 9. The mutation was further mapped by linkage analysis on individual genomes to an interval between genetic markers z14949 and z26463 (Fig. 3A) . This region of Chr 9 is syntenic with Chr 2 in humans and contains the giant muscle gene, titin (TTN) (Sato and Mishina, 2003; Xu et al., 2002) . However, the zebrafish genome in this region of Chr 9 showed a high degree of misassembly at that time.
Previous studies have shown zebrafish cardiac titin to be highly homologous to human cardiac titin (Xu et al., 2002) . In order to establish sequence within the linked genomic interval, human cardiac titin exons with non-repetitive sequences were used to identify zebrafish BACs from the Sanger Center zebrafish database. Seven BACs were identified and aligned to create a contig across the titin locus (Fig. 3B) . Again using the Sanger Center database, this contig was extended in silico to one of the flanking microsatellites (Fig. 3B) . Careful alignment of the human titin N2B cardiac or N2A skeletal muscle isoform sequences with the zebrafish BAC contig suggests genomic duplication of the titin locus in zebrafish (designated TTN 1 and TTN 2 ) that is also supported by the most recent zebrafish genomic alignment ( Fig. 3C and Zv6 of the Sanger Centre Zebrafish Genome). The adjacent titin gene loci are divergent at both the nucleotide and protein levels, suggesting that the duplication is not just due to a misalignment of BAC sequences. Duplication is further supported by linkage analysis using microsatellites located within and flanking the duplicated genes (data not shown). Microarray analysis performed on wild-type and ruz embryos suggests that transcripts can be expressed from both loci (Fig. 3, Table 1 ). Additional microsatellites for high resolution mapping were identified throughout the BAC contig and ruz mutants and wildtype siblings were tested for agarose-scorable linkage. Recombination events in 4 out of 1486 meioses further narrowed the region of linkage to less than 0.3 cm between microsatellites B and H, representing approximately 315 kb (Figs. 3B, C) . There are no recombination events between the mutation and microsatellite D, indicating very tight linkage to the mutation. Only 3 genes are located within this region according to version 5 of the zebrafish genome (Sanger Center Zv5, December 2005): TTN 1 , FKBP7, and the Ensembl-predicted gene ENS-DARG00000031678, which appears to be loosely orthologous to mammalian collagen type V (Fig. 3) . The latter two have been sequenced and show no mutations in exons, intron/exon boundaries, or known 5′ and 3′ untranslated regions, further suggesting that the causative mutation lies within the TTN 1 gene.
To test titin proteins for alteration in 6.5 dpf ruz mutants, we performed indirect immunofluorescence using anti-titin clone T11 antibodies. In wild-type fish, titin expression appears as a regular banded pattern showing alignment between the sarcomeres of adjacent myofibrils (Fig. 4A) . ruz mutant, however, have severely decreased titin immunofluorescence when imaged for the same exposure time (Fig. 4B) , demonstrating either a decrease of overall titin expression or of a specific isoform(s) recognized by the T11 antibody. Analysis of other sarcomeric proteins, including actin and nebulin, shows decreased muscle organization and fewer apparent sarcomeres but do not demonstrate the decrease in expression levels apparent with titin antibodies (Figs. 2E-H) . Severe reduction of titin protein levels in combination with the genetic linkage data most strongly implicates titin as the gene mutated to cause the ruz phenotype.
Striated skeletal muscles of other animals are known to express multiple isoforms of titin. To analyze zebrafish titin isoforms and determine if specific isoforms are affected, a denaturing 1% agarose/glycerol gel was used to electrophoretically separate large proteins of striated muscle according to Surprisingly, India ink staining of wild-type fish lysates showed drastic alteration of titin isoforms during development. Significant expression of full-length titin was not seen in 1 dpf fish (data not shown). By 2 dpf, when fish are able to move but are typically still within the chorion, low levels of expression of at least 5 titin isoforms are detected (Fig. 4C) . At least two of these isoform sizes are not represented at any other embryonic stage of zebrafish development (Fig. 4C and data not shown) . At 3-3.5 dpf when fish typically emerge from the chorion, wildtype skeletal muscle expresses four distinct sizes of titin isoforms. These four isoforms group as two doublets, the largest of which appear to be the slowest migrating zebrafish skeletal muscle titin isoforms expressed during the first week of development. A second change in titin isoform size and number begins between 4 and 5 dpf (data not shown). By 6.5 dpf, only two lower molecular weight titin isoforms are expressed in wild-type zebrafish muscle (Fig. 4C) . In particular, strongest expression is seen of the larger isoform at this stage. While it is possible that the smaller detected isoform is a T2 degradation product, it is unlikely due to its size compared with human psoas muscle isoforms and the lack of similar isoforms at 3.5 dpf. These studies demonstrate a previously unrecognized rapid alteration of titin isoforms during skeletal muscle development.
Similar analysis of ruz mutant protein lysates suggests that titin isoforms are affected by the ruz mutation. At 3-3.5 dpf when the ruzphenotype is first visible, all four isoforms are present though mutants express slightly decreased amounts of the largest two titin isoforms. At 6.5 dpf when ruz mutants are unable to maintain coordinated swimming movements, a strong decrease is apparent in the larger 6.5-day isoform (Fig. 4C,  arrows) , suggesting isoform-specific disruption.
To further support a causative TTN 1 mutation for the ruz phenotype, two non-overlapping antisense morpholinos were used in separate experiments to specifically knock-down expression from the TTN 1 locus in wild-type zebrafish embryos. TTN 1 morphants hatch from the chorion significantly slower than uninjected siblings (b 30% at 3.5 dpf compared with 90% of wild-type siblings in three independent experiments using the TTN1a morpholino) and are overall smaller than their uninjected or invert morpholino-injected siblings. While all morphants were capable of muscle contraction, greater than 90% of 3.5 dpf TTN 1 morphants demonstrated decreased muscle birefringence and showed impaired directional escape mobility, phenocopying the primary phenotypes of the ruz mutant ( Fig. 5A and data not shown). Decreased birefringence was not seen in either the uninjected siblings or inverted control morpholino-injected siblings (Fig. 5A and data not shown) . A higher number of TTN 1 morphants also presented with cardiac edemas than did the controls, suggesting that the TTN 1 locus may also be required during normal cardiac development. These phenotypes are similar to those recently reported for morpholino downregulation of the TTN 1 N2A exon splice site, an exon that is expressed in both skeletal and cardiac muscle titin isoforms (Seeley et al., 2006) . India ink staining of protein lysates from 3.5 dpf TTN 1 morphants demonstrates a specific downregulation of the same titin isoforms affected by the ruz mutation (Fig. 5B) . Furthermore, the absence of the upper doublet in TTN 1 morphants Fig. 3 . Localization of the ruz mutation. (A) The ruz mutation was mapped using linkage analysis to Chr 9 between microsatellite markers z26463 and z14949. Previous studies located TTN between z26463 and z8363 (Xu et al., 2002) . (B) Exons of human cardiac titin were used to identify zebrafish BAC sequences in silico and create a contig overlapping the titin region. Further searches of the Sanger Center BAC sequences allowed extension of the contig to z14949. (C) The zebrafish titin gene locus is duplicated with loci arranged head to tail. The alignment of TTN 1 and TTN 2 with the BAC contig is shown. Higher resolution genetic mapping using 1486 meioses places the ruz mutation between microsatellites B and H, containing the entire TTN 1 locus. The predicted genes ENSDARG00000031678 and FKBP7 are also in this interval but contain no mutations. Numbers of recombinations per meioses are indicated above each microsatellite. Affymetrix zebrafish titin probes are indicated below the TTN loci.
suggests that both of the larger isoforms visible at 3.5 dpf are encoded by the TTN 1 locus whereas the two smaller isoforms are likely encoded by TTN 2 . Additional histological analysis of TTN 1 morphant muscle demonstrates decreased alignment of muscle fibers and atypical nuclei, comparable to that seen in ruz mutants (Figs. 1 and 5C, D) . The increased severity of the TTN 1 morphant phenotype, including cardiac abnormalities not seen in ruz mutants, may be due to differences in the timing or to some extent the degree of TTN 1 expression loss (compare Fig.  4C with Fig. 5B ).
Ultrastructural effects of the ruz mutation
Titin is a major structural protein of the muscle sarcomere and is required for proper sarcomerogenesis and maintenance of M line localization. To examine the ultrastructural effect of ruz titin isoform loss, wild-type and ruz mutant skeletal muscles were analyzed using transmission electron microscopy. At 3.5 dpf, ruz mutants show the first phenotypic birefringence changes (Fig. 1) , correlating with mild reduction of the largest two titin isoforms detected during development (Fig. 4C) . By electron microscopy, mutant muscle contains regions of largely normal sarcomeric structure at this time (Figs. 6A, B) . However, there is also evidence of sarcomeric disruption to varying degrees (Fig. 6C) . By 6.5 dpf, ruz mutants show little to no directional swimming ability and severe reduction of the larger remaining titin isoform (Fig. 4C ). At this time point, only rare patches of myofibrillar alignment could be found ultrastructurally (Figs. 6E, F) . Instead, much of the fiber is composed of electron dense structures that appear to be collapsed myofibrils containing sarcomeric units but lacking any alignment (Figs.  6G, H) . From 3.5 to 6.5 dpf, wild-type muscle sarcomeres are likely remodeled to contain lower molecular weight titin isoforms as seen in Fig. 4C . Mutant muscle, however, shows a progressive sarcomeric disruption which may result either from faulty sarcomeric remodeling during this period, or from specific loss of function of the affected titin isoforms.
ruz transcriptome changes
To determine transcriptional changes caused by the ruz mutation, we performed Affymetrix microarray analysis in triplicate, comparing ruz mutant skeletal muscle with wild-type siblings at the onset of the visible phenotype. Eighty-two genes were upregulated in mutant muscle by more than 1.6-fold (q ≤ 0.05), 29 of them with identified mammalian orthologs (Table 1) . Thirty-four genes were decreased more than 1.6-fold (q ≤ 0.05), 12 of which have identified mammalian orthologs. Additional orthologs may not have been detected based on locations of given probe set sequences.
Six of the 29 upregulated gene orthologs are known to be expressed in muscle, including dystrophin, desmin, and filamin C, all of which can cause mammalian muscle diseases when mutated. The most highly upregulated gene, however, is the molecular chaperone hsp70. Four additional heat shock proteins are also significantly upregulated in ruz mutant skeletal muscle. The largest group of proteins decreased in ruz at 3.5 dpf are keratins, comprising 4 out of the 12 genes with known mammalian orthologs and perhaps denoting a secondary skin phenotype in ruz mutants. Additional genes include the striated muscle gene desmin (suggesting diverse effects of the mutation on different desmin isoforms) and the smooth muscle genes acta2 and transgelin. Three independent RNA samples were extracted from pooled tail tissue of 3.5 dpf ruz mutants or wild-type siblings, labeled, and hybridized to Affymetrix zebrafish chips. Data were analyzed according to Choe et al. (2005) and filtered to include probes with fold changes ≥ 1.6 with significance values of q ≤ 0.05. Probes with available ortholog information are shown. All five probes corresponding to titin isoforms are listed separately.
The zebrafish Affymetrix gene chip contains 5 probe sets against titin which may recognize different titin isoforms (Fig.  3C) . Table 1 (bottom) shows transcriptional changes in these probes along with their Affymetrix-suggested isoform identities. Both Dr.4681.1 and Dr.20990.2, which show upregulation in ruz mutants, are located in TTN 2 . In addition, two probes that show no alteration in expression are located in TTN 2 , perhaps indicating multiple splice isoforms of the TTN 2 gene locus. The only reduced titin probe, Dr.1662.1, is also the only probe within the TTN 1 locus, further implicating the TTN 1 locus as a primary alteration of the ruz mutation. Decreases in TTN 1 transcripts containing the Dr.1662.1 probe sequence were confirmed by quantitative RT-PCR (data not shown).
ruz comparison with known titinopathies
Few specific alterations have been noted in mammalian skeletal muscle titinopathies, but the most notable is a decrease or loss of calpain-3. Using Western blot analysis, however, no decrease in calpain-3 expression was seen in ruz mutant fish (Fig. 7A) . In fact, mild increases were detected, suggesting a new mechanism of dystrophy pathogenesis in the ruz mutant. Additional mammalian titinopathy effects have been identified in murine mdm skeletal muscle using microarray analysis, specifically the upregulation of several ankyrin-containing proteins . To determine if ruz pathology showed similar increases, expression of CARP and ankrd2 (two transcripts with the greatest increases in mdm) was investigated by quantitative RT-PCR. Neither gene was found to be affected (data not shown).
In the HMERF titinopathy, mutations in the titin kinase domain cause displacement of scaffolding proteins and the muscle ring-finger protein, MuRF2, from the sarcomere in skeletal muscle culture. Subsequent nuclear translocation of MuRF2 in turn decreases muscle gene transcription (Lange et al., 2005) . We thus assayed changes in MuRF2 localization using indirect immunofluorescence in ruz skeletal muscle. In wild-type muscle, MuRF2 is primarily localized to the sarcomere though nuclear overlap is seen (Fig. 7B) . In mutant skeletal muscle, MuRF2 is lost at the sarcomere but remains primarily within the cytoplasm. No apparent nuclear translocation is detected of either MuRF2 (Fig. 7C) or of MuRF1 (data not shown), suggesting that the ruz mutation results in structural or signaling pathway alterations unperturbed in known titinopathies.
Discussion
Titin protein is thought to provide a scaffold for development of the sarcomere in striated muscle. In mature muscle, titin also (C) Protein lysates of human psoas muscle (Hu), 2 dpf, 3.5 dpf, and 6.5 dpf wild-type (WT) zebrafish, and 3.5 dpf and 6.5 dpf ruz mutants (ruz) were separated by electrophoresis in adjacent wells of an SDS-agarose gel, transferred to nitrocellulose, and stained with India ink. Lysates loaded either by equal tissue weight per lysis volume or by equal total protein amount showed identical results. At 2 dpf, five faint titin isoforms are apparent. By 3.5 dpf, wild-type fish express four titin isoforms, including two isoforms with the lowest mobility seen during embryonic development. The low mobility doublet is slightly decreased in ruz mutants. At 6.5 dpf, wild-type zebrafish express two titin isoforms (arrows). The larger isoform is severely reduced in ruz mutants while the smaller variant appears increased. Identical results were seen in three independent experiments. provides passive forces, maintains correct localization of M lines, and binds many potential signaling and structural molecules. Mutations in at least three locations within the gene have been correlated with human and murine muscular dystrophies. Here, we show that the ruz muscle phenotype in zebrafish is also likely caused by a mutation in the titin gene. Genetic mapping of the causative mutation determined linkage to an interval of Chr 9 that is syntenic to the titin-containing region of human chromosome 2 (Xu et al., 2002) . In zebrafish, the titin gene locus appears to be duplicated with loci located immediately adjacent to one another. A recent report by Seeley et al. (2006) confirms this organization of the titin locus. The genetically linked interval for the ruz mutant contains one titin locus (TTN 1 ) and two additional genes. Both additional genes have been sequenced and excluded as candidates, implicating titin as the mutation-containing gene in ruz fish. Further analysis of titin at the RNA level shows reduction specifically of TTN 1 -associated transcripts, strongly supporting a TTN 1 -specific mutation that decreases at least one TTN 1 isoform. Immunofluorescence confirms that titin is extremely reduced in abundance in ruz mutant muscle while expression of other sarcomeric proteins is maintained though disorganized. Finally, two non-overlapping morpholinos designed against the TTN 1 locus phenocopy the ruz mutation and result in loss of the same titin isoforms decreased in the ruz mutant. Thus, genetic linkage, antisense knock-down, RNA studies, and protein analysis all suggest that the ruz mutation is located in TTN 1 .
Additional protein analysis of electrophoretically separated lysates demonstrates mild decreases in the largest titin isoforms at 3.5 dpf and severe reduction of a distinct isoform at 6.5 dpf in ruz mutants. Consistent with these findings, ultrastructural analysis shows a progressive decline in sarcomeric alignment. Due to the high degree of repeated elements in titin, the lack of complete zebrafish titin sequences, and the large number of exons, we have not yet identified the causative base pair alteration. However, sequencing of regions corresponding to TTN 1 M line exons in zebrafish ESTs -including the regions mutated in human TMD, LGMD 2J, and HMERF -detected no mutations (data not shown). In addition, the large size of the gene precludes traditional mRNA rescue.
The ruz mutation represents a novel dystrophy phenotype with transcript and protein alterations distinct from known vertebrate titinopathies. The only previously published zebrafish titinopathy, pik m171 , results from a nonsense mutation in a cardiac-specific titin exon, preventing sarcomerogenesis entirely (Xu et al., 2002) . pik m171 mutants confirm previous mammalian in vitro experiments suggesting that titin is required for sarcomere development. However, the lack of any similar gross cardiac defects in ruz mutants and the appearance of striated muscle sarcomeres suggests a distinct, skeletal muscle-specific phenotype in ruz. While it is not certain that mutant muscle development is entirely normal prior to 3 dpf, ultrastructural analysis demonstrates that the majority of muscle contains reasonably ordered sarcomeres and thus suggests that the primary effects of the mutation appear far later than pik m171 . Mutations in the kinase domain of human titin have been shown to result in human HMERF phenotypes by displacing scaffolding proteins. The resulting nuclear translocation of MuRF2 has been shown to effect downregulation of some muscle gene transcription and may play a role in myopathy pathogenesis (Lange et al., 2005) . We analyzed ruz mutant muscle for nuclear translocation of MuRF transcription factors. Displacement of MuRF2 (Figs. 3, 4 , 5, 6C) (and MuRF1, data not shown) from the sarcomere was seen in ruz mutants, perhaps indicating a role for MuRFs in the ruz phenotype. However, an increase in MuRF nuclear localization was not detected nor was a significant number of muscle-specific genes reduced (Supplementary Table 1 ), suggesting that ruz pathogenesis differs from that of HMERF striated muscle.
Of the other skeletal muscle titinopathies, both the human LGMD2J and murine mdm phenotypes are early onset, recessive diseases with a severity of phenotype and shortened lifespan most similar to ruz. Both of these mutations affect calpain-3, resulting in loss of calpain-3 binding and a decrease or complete loss of calpain-3 expression (Hackman et al., 2002; Haravuori et al., 2001) . In ruz fish, calpain-3 instead appears to be mildly upregulated, perhaps representing a previously unknown ability of titin to negatively regulate calpain-3 expression. Alternatively, the increase in calpain-3 may be dependent on the modest increases seen in the TTN 2 locus as shown by both microarray and protein analyses. Additional defects identified in the mdm mouse model, namely increases in CARP and ankrd2 , were absent in ruz muscle as seen by quantitative RT-PCR (data not shown). Lack of increase in CARP and ankrd2 further suggests that the putative ruz titinopathy does not occur through previously known mechanisms.
Instead, alteration of the heat shock proteins is likely to be a specific hallmark of the ruz dystrophy. Previous research has shown that heat shock proteins display tissue-specific expression during zebrafish embryonic development, with hsp90a localized to skeletal muscle progenitors (Krone et al., 2003) . It is possible that the increases seen in hsp90a transcripts in ruz mutants may be part of the dystrophic cycle of degeneration and regeneration with specificity to the ruz mutation. Further analysis of hsps in human patients with muscular dystrophies of unknown origin may identify similar titinopathies in mammals.
Previous studies have documented numerous isoforms of the titin gene, depending primarily on the organism and muscle group being studied. In cardiac muscle, Lahmers et al. (2004) have shown developmental regulation of titin isoform expression. A similar study in chicken skeletal muscle has shown a change of titin isoforms between pre-and post-natal muscle (Hattori et al., 1995) . To our knowledge, the current study is the Fig. 6 . ruz mutants produce normal sarcomeres but show progressive sarcomeric misalignment. (A-H) Longitudinal sections of skeletal muscle from 3.5 dpf (A-C) or 6.5 dpf (D-H) fish were analyzed by transmission electron microscopy. (A) Wild-type fish at 3.5 dpf show normal sarcomeric organization and alignment. (B, C) ruz mutants contain some normal sarcomeres at 3.5 dpf (B) but are also beginning to show sarcomeric disruption (C). At 6.5 dpf, wild-type fish still display normal sarcomeres (D) while ruz mutants contain only rare regions of ordered myofibrils (E). Instead, myofibers contain collapsed sarcomeres with no apparent organization or alignment (F-H). Arrow indicates fibrils perpendicular to the plane of the section. Arrowheads indicate selected Z-disc structures.
first to show that titin isoforms in vertebrate skeletal muscle are modified throughout embryonic development. A total of 9-11 distinct size variants of titin are present in zebrafish skeletal muscle between 2 and 6.5 dpf (Figs. 3 and 4C ). While it is unclear if all size variants represent developmentally regulated transcriptional or splicing changes (as opposed to posttranslational modification), the appearance of two significantly larger isoforms at 3-3.5 dpf supports transcript alteration for at least some of the size variants. Our immunofluorescence data and others have also shown that titin protein is organized within the sarcomere throughout this time (Costa et al., 2002) . Together, this suggests a previously unrecognized rapid ability of the sarcomere to remodel between 2 and 3.5 dpf to replace earlier titin molecules with the developmentally regulated large titin isoforms. It is also interesting to note that alternative splicing of titin exons during development may explain previously seen changes in titin epitope accessibility in studies of developing muscle (Rudy et al., 2001) .
In addition to isoform switching during normal zebrafish muscle development, Figs. 3 and 4C show changes in titin mobility due to the ruz mutation. Correlating with the progressive severity of the visible and ultrastructural phenotypes, ruz mutants demonstrate a progressive reduction of the largest titin isoforms, with mild decreases seen at 3.5 dpf and near loss seen at 6.5 dpf. These alterations may indicate loss of titin modifications or perhaps a specific titin degradation event. However, because the smaller isoforms are also present in freshly prepared wild-type embryo lysates, it is more likely that the mobility differences represent isoform expression changes due to the ruz mutation. Titin isoform changes with disease status have previously been detected in cardiac tissues of patients and animal models with DCM (Nagueh et al., 2004; Wu et al., 2002) . Changes in titin mobility have also been detected in Fukuyama muscular dystrophy and DMD, though the electrophoretic techniques used do not allow distinction of individual isoforms. To our knowledge, this is the first example of a putative titinopathy that specifically decreases one titin isoform. This may be due to separation of the isoform origins into two distinct loci, only one of which contains the mutation.
At 3.5 dpf, titin expression was also analyzed at the mRNA level using the zebrafish Affymetrix chip containing five distinct titin probes. Results indicate that a titin isoform(s) corresponding to the Dr.1662 probe sequence within TTN 1 is decreased in mutants (Supplementary Table 1 ) and have been confirmed by quantitative RT-PCR (data not shown). Compensatory upregulation is seen in two additional titin probes from the TTN 2 locus, while the remaining two TTN 2 probes show no significant change. Further RT-PCR analysis of gene products from the zebrafish titin locus will be required to identify the fulllength identity of isoforms corresponding to each titin locus. However, the NCBI databases currently show two distinct partial transcripts (BC095863 and XM_677962) containing the Dr.1662 probe, which may correspond to the higher molecular weight titin products detected (and reduced) at 3.5 dpf from the TTN 1 locus. Likewise, it will be interesting to determine the mechanism of regulation and feedback involved in isoform determination for the duplicated zebrafish titin locus. Even for the single mammalian titin locus, regulation of differential isoform splicing has not been identified.
Decades of research using the vertebrate zebrafish D. rerio have demonstrated many similarities with mammalian muscle organization and development. We have taken advantage of this model to further understand the role of titin in skeletal muscle and muscle disease. This study demonstrates a rapid change in titin isoforms during embryonic development of the skeletal muscle, likely involving remodeling of the sarcomere to effect the exchange of titin proteins. Study of the zebrafish ruz muscular dystrophy mutant also suggests that these isoforms may have separable functions, since initial sarcomerogenesis appears to be largely unaffected but maintenance of myofibrillar alignment is lost upon reduction of certain titin isoforms. Comparison with mammalian titinopathies shows that ruz represents a novel putative titinopathy, with mild increases in heat shock protein transcripts and calpain-3. Further sequencing is required to determine the organization of the zebrafish titin Fig. 7 . The ruz dystrophy shows increased calpain-3 and loss of sarcomeric MuRF2 expression. (A) Western blot analysis of 6.5 dpf wild-type and ruz mutants shows a mild increase in calpain-3. Actin expression is used as a loading control. (B, C) Indirect immunofluorescence using MuRF2 antibodies (red) was performed on longitudinally sectioned skeletal muscle of 6.5 dpf fish. Nuclei were stained with DAPI (blue). (B) In wild-type fish, MuRF2 is localized to both the sarcomere (striations) and nucleus (arrow). (C) MuRF2 is lost at the sarcomere in ruz mutants but no significant increase in nuclear localization is detected.
locus, exon content of titin isoforms, and the exact location of the ruz mutation.
